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[57] ABSTRACT 

Channel encoded data (for example run length limited 
encoded data) is further encoded in accordance with a 
shift correction code prior to transmission. Upon recep- 
tion, forward and backward shift errors present in the 
received channel encoded data are corrected by a shift 
correction decoder. The shift error correction is accom- 
plished using a code, such as (for example) a BCH code 
over GF(p) or a negacyclic code, which treats each 
received symbol as a vector having p states. For a single 
shift error correction, p— 3 and there are three states 
(forward shift, backward shift, no shift). In one embodi- 
ment, conventional error correction codewords which 
encode the user data may be interleaved within succes- 
sive shift correction codewords prior to channel encod- 
ing, thereby enabling the error correction system to 
easily handle a high rate of randomly distributed shift 
errors (which otherwise would result in a high rate of 
short error bursts that exceed the capacity of the block 
error correction code). 

30 Claims, 9 Drawing Sheets 
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SHIFT CORRECTING CODE FOR CHANNEL * 
ENCODED DATA 

This is a continuation of application Ser. No. 5 
07/200,166 filed May 31. 1988. abandoned. 

BACKGROUND OF THE INVENTION 
Channel Encoding and Recording 
In order to transmit digital data through a communi- 
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cation channel or to record such data in a storage me 
dia, such as an optical or magnetic disk, the digital data 
must first be converted to a time-continuous signal of 
limited bandwidth. For this purpose, a channel encoder 
converts (or "modulation encodes") the digital user 
data into a new sequence of ones and zeroes (called 
channel bits or channel data) which are constrained in 
the sense that there must be at least a minimum number 
of channel "zeroes" between channel "ones", and no 
more than a maximum number of "zeroes" between 
"ones". Such a constrained digital sequence is a run 
length limited (RLL) code. An RLL code can be repre- 
sented by a sequence of integers (or run symbols) in 
which each run symbol is assigned a value equal to the 25 
number of channel zeroes between successive channel 
ones. The analog signal to be recorded is usually a pulse 
train, wherein the distance between adjacent leading 
and trailing pulse edges is determined by the number of 
zeroes between successive ones in the channel code. 
This is a pulse-length-modulated (PLM) waveform. 
Alternatively, the recorded signal could be a sequence 
of very short pulses, the spacing of which is determined 
by the number of zeroes between ones (i.e.. a short pulse 
corresponds to every "one"). This alternative recording 
waveform is a pulse-position-modulated (PPM) wave- 
form. PPM waveforms are widely used in optical re- 
cording while PLM is used in magnetic recording as 
well as optical recording. In order to retrieve the re- 
corded data (or to receive transmitted data) which has 
been thus channel encoded, a channel decoder must be 
used to translate the channel encoded data back into its 
original digital form. An RLL channel code is charac- 
terized by two quantities. D (the minimum allowable 
number of zeroes between successive ones) and K (the 45 
maximum allowable number of zeroes between succes- 
sive ones). In disk recording. D is constrained by the 
resolution, or the minimum spot size that can recorded 
and read back on the disk media, while K is constrained 
by the ability of the channel decoder electronics to 50 
maintain synchronization and phase lock with the re- 
corded channel bits. 

The user digital data to be transformed by the chan- 
nel encoder prior to recording, typically, has been pre- 
viously encoded in accordance with an error correction 
code. This requires that the user information data be 
partitioned into blocks which include additional redun- 
dant data computed from the user information data in 
accordance with the error correction code. Upon play- 
back of the recorded data (or upon reception of trans- 
mitted data) and after channel decoding, an error cor- 
rection decoder uses the redundant data to locate and 
remove errors in the playback (or received) user data. 
Significantly, the error correction coding is done on the 
user data before such data is channel encoded into chan- 65 
nel data, and the error correction decoding is done on 
received user data obtained by channel decoding the 
received channel data. Thus, conventional error correc- 
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tion techniques operate on the user data, that is. it oper- 
ates "outside" the channel code. 

The additional redundant bytes of data used for the 
"outside" error correction purpose is an overhead or 
burden on the overall system because*it, in effect, slows 
down the rate at which user information may be re- 
corded and played back (or transmitted and received), 
since no user information data may be recorded while 
the additional redundant data are being recorded. The 
more errors that the "outside" error correction code 
may correct, the greater the overhead or number of 
redundant data bits. Thus, a tradeoff is always presented 
to. a system designer between the density and rate at 
which user information may be recorded or transmitted 
and the capacity of the error correction code. 

Problem Recognized By The Invention: Noise-Induced 
Shift Errors 

A discovery of the present invention is that during 
recording or playback of the analog signal representing 
the channel encoded data, the leading and trailing pulse 
edges in the PLM case, or the short pulse center posi- 
tions in the PPM case, may be distorted by noise so that 
the relative position of a detected "one" in the received 
run length limited channel encoded data may be shifted, 
thus apparently increasing the number of zeroes on one 
side of that "one" while decreasing the number of 
zeroes on the other side. Such errors propagate during 
channel decoding. This is due to the fact that channel 
decoders must consider more than one channel bit at a 
time to infer what the user data is. For example, in a 
widely used 2,7 RLL code, two channel bit are used to 
represent each data bit and as many as eight channel bits 
are needed to decode a single data bit. New channel bits 
are read (shifted) into the decoder in pairs (two at a 
time) so a bad channel bit will be in the decoder for four 
shifts, or equivalently, four data bits. Thus, a single 
erroneous channel bit can corrupt four data bits when 
IBM (2,7) RLL code is used. A shift error can corrupt 
five data bits, so that a single shift error can produce an 
error burst that is five user bits long in the channel 
decoded data stream. Thus, one single shift error can 
corrupt two adjacent bytes in the channel decoded data. 
If in this example the outside ECC is a GF(2 8 ) Reed- 
Solomon ECC, it must have at least four parity bytes 
(32 bits) in each codeword in order to correct such an 
error burst, a significant overhead. 

Problem To Be Solved By The Invention 

The problem is how to endow a system with the 
ability to correct noise-induced shift errors without 
such a disproportionate increase in overhead of the 
outside error correction code. Ameliorating or solving 
this problem might seem impossible, in view of the 
principle of error correction code theory namely, for 
Reed-Solomon codes for example, a given increase in 
the correction capacity of an error correction code 
requires a two-fold increase in the number of redundant 
symbols or overhead in each codeword. 

SUMMARY OF THE INVENTION 

In the present invention, an error correction outer 
code which encodes the input user data is augmented 
with a shift correction inner code which encodes the 
modulation encoded channel bits. The shift correction 
inner code is dedicated to detecting and/or correcting 
noise-induced shift errors, or detecting medium defect 
related hard errors in the run length limited channel 
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encoded data. The invention is thus a shift error correc- number of errors. Thus, in this embodiment of the in- 
tion encoding/decoding process which operates "in- vention. the combined redundancy of the inner and 
side** the channel encoding/decoding process which in outer codes in this system is even further reduced, 
turn operates inside the ECC encoding/decoding pro- i t should be noted that, prior to the present invention, 
cess. 5 there was no guaranteed method of detecting shift er- 
One aspect of the invention is to employ a shift cor- rors in the channel encoded data stream. Noise-related 
rection code to effect ^synchronization of the channel shifl errors usua lly do not result from playback wave- 
decoder and to establish synchronization among the form peaks whicn are unusua n y ] ow . nor do they pro- 
outside ECC codewords. In this aspect of the invention, duce RLL code DK constraint violations. They usu- 
the usual ^synchronization field found in the prior art 10 ally are n0 , detectable as erasures, 
may be advantageously discarded, in order to reduce 

overhead. Another aspect of the invention provides a Shift Correction Code 

means (via the shift correction code) of correcting er- Jhe ^ correction code of lhe invention dete cts and 

rors due to loss of clock phase in the channel decoder CQrrects noise . induced shift errors in the run , th 

(sometimes called bit slips m the art). 15 ]iM encoded data much more efficientlv 

Solution To The Problem than prior art error correction code techniques. This is 

u i , • 4 rtm • naA :„ f „ u\^rsVc because the invention works directly inside the channel 

The channel bit stream is partitioned into blocks ol , , , 4 , . . J ... - • . 

run symbols which each form the message portion of an ' ncod * d data f eam < thereb y. av ° ,din S modulation 
SCC codeword. A transformation is then used to re- 20 decoding-related error propogation). It employs unique 
duce the effect of any shift error (necessarily involving transformations (mentioned previously herein) prior to 
two adjacent run symbols) such that it produces an shift correction encoding which reduce the number of 
error in onlv a sinele svmbol. thus dramatically mini- Scc symbols affected by a given shift error in the chan- 
mizing the redundancy overhead (i.e.. number of check nel encoded data. Finally, the invention allows the 
symbols) required to correct such an error. 25 skilled worker to use a conventional code as the shift 
' A second transformation of the transformed symbols correction code, including any of the BCH and Reed- 
converts them to elements of a selecied code, such as Solomon codes accessible to the skilled worker, 
elements of the finite field GF(3'"). which facilitates the The first transformation mentioned above computes a 
use of BCH or negacyclic codes to correct the shift new sequence of symbols which are the sum of each run 
error. Redundant check symbols are then appended to 30 symbol in a block with all preceeding run symbols in the 
each block in accordance with the code to form the block. Each noise-induced shift error in the transformed 
SCC codeword. block of data, instead of producing an error in two 
The redundant ("check") symbols of the shift correc- successive run symbols, produces an error in only one 
tion inner code may functionally replace the usual re- such sum symbol. This advantageously reduces the 
synchronization fields generally required in very high 35 number of redundant check symbols required to correct 
density disk recording data formats, so that the "addi- such a shift error by a factor of two or more, depending 
tional" check symbols required by the shift correction upon the code used. 

inner code may present virtually no additional overhead The second transformation permits the representation 

compared with prior art recording systems. The addi- 0 f the channel encoded data as a polynomial having 

tional overhead of the redundant check symbols re- 40 coefficients drawn from elements of GF(p), where p is 

quired by the shift correction inner code is "washed an odd integer. This allows one to use any of the known 

out" by the elimination of some or all of the resynchro- ]i near systematic cyclic codes to effect efficient correc- 

nization field bits. tion of shift errors> 

Interleaving A preferred embodiment of the invention uses a BCH 

J 4 * code (or an equivalent code such as a negacyclic code) 

The synergy between the shift correction inner code over QF( )? ie fiach CO(Je bo , {s dfawn frQm 

and the error correction outer code is further exploited GF(p), where p is an odd integer and is greater than or 

in one embodiment of the invention by interleaving a , {Q y , f the shift correction code is desi d 

predetermined number of outs.de error correction ^ * 

codewords within successive shift correction code- 50 . . . f . ;ft Z- fM „ m v « „ . fil u i 

words prior to transmission or recording. In this em- ^ * ft * rt anCe " ?° * reater j han one channel 

bodiment, when the data is received or played back, the th t e " th , e f code ? ym .^ K 1S ?" ew * d " havm « ° n * 

shift correction decoder notifies the outside error cor- th ' ee ««es (forward ihift, backward shift or no shift) 

rection decoder whenever the capacity of the shift cor- and P= 3 * A t ^ift error shifts a channel one by 

rection decoder is exceeded (signifying that the current 55 one ch f" neI a doubIe shlft f rror shlfts 11 b V two 

shift correction codeword is not decodable). Upon re- channeI bits. The invention encodes over GF(3) to cor- 

ceiving this information, the downstream error correc- rect sm S le shlft errors » over GF < 5 > 10 correct double 

tion decoder treats the data thus flagged by the shift shlfl errors ' over GF < 7 ) t0 handIe tn Pte shift errors, etc. 

correction decoder as an erasure. Preferably, the inter- Smce a douW e shift error is 10* to 10 10 times less proba- 

leaving of the inner and outer codes is on an outer code 60 We than single shift errors, the single shift error case is 

symbol basis, so that such erasures are no greater than the most interesting. The number of correctable single 

one symbol long in a given outside error correction shifts in a given block or SCC codeword is determined 

codeword. In accordance with well-known principles, by the number of redundant parity symbols in the SCC 

the outside error correction code's capacity for han- codeword. Since a given shift error affects only one first 

dling erasures is twice as great as its capacity for han- 65 transformed symbol or equivalently, only one SCC 

dling errors, or, conversely, the overhead required to codeword symbol, a minimal amount of overhead is 

correct a given number of erasures is less than (about required to correct noise-induced shift errors *in the 

one half) the overhead required to correct the same channel encoded data. 
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DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the 
accompanying drawings, of which: 

FIGS, la-le include contemporaneous timing dia- 5 
grams illustrating the problem of noise-induced shift 
errors in channel encoded data; 

FIG. 2 is a block diagram illustrating the system of 
the invention; 

FIGS. 3<7-3y include contemporaneous timing dia- to 
grams illustrating the operation of the system of FIG. 2; 

FIG. 4 is a block diagram illustrating the shift correc- 
tion encoder used in the system of FIG. 2; 

FIG. 5 is a block diagram illustrating the shift correc- 
tion decoder used in the system of FIG. 2; 55 

FIG. 6 is a listing of GF(3 ? ) generated by 
mi(Z)=Z 3 -Z+l; and 

FIGS, la and lb illustrate the interleaving of the 
error correction code codewords with the shift correc- 
tion code codewords in accordance with one embodi- 20 
ment of the invention. 

DETAILED DESCRIPTION 

The Nature Of Noise-Induced Shift Errors In Channel 

Encoded Data 2 5 

Referring to FIG. la. channel data encoded as a (1, 7) 
run length limited code (D=l. K — 7) is illustrated to- 
gether with the corresponding analog PLM recording 
waveform. Each binary one in the run length limited 
code coincides with a leading or trailing pulse edge in 30 
the analog PLM signal. FIG. lb illustrates the corre- 
sponding •'pits" in an optical disk in which the analog 
signal of FIG. la is embedded. The dashed curves near 
the leading and trailing edges of the rightmost pit indi- 
cate the edges of the shortened pit that would have been 35 
recorded if distortions such as a slight defocus or a 
lowering of recording laser power has occurred when 
this pit was written. FIG. 1c illustrates the corrupting 
effect of noise on the signal read out from the disk "pits" 
of FIG. lb. The noise is approximated as white-Gaus- 40 
sian for purposes of discussion and analysis— it is possi- 
ble that the noise can have some other statistics in a 
given system, but that does not affect the SCC code 
methodology, although it may effect the code one 
chooses to use. One would code over GF(5) rather than 45 
GF(3) if double shift errors have a non-negligible prob- 
ability, and type of code used and number of parity 
symbols would depend upon the number of expected 
shift errors in the SCC codeword. FIG. Id illustrates 
the probabilistic distribution of detected pit edges that 50 
results when Gaussian noise corrupts the readout signal 
of FIG. lc, and particularly illustrates how* the leading 
edge of the second pit of FIG. lb (or the second pulse 
of FIG. la) appears to be time shifted by one channel bit 
due to the presence of distortion (intersymbol interfer- 55 
ence) together with the Gaussian noise. The root mean 
square deviation, <r m of the Gaussian transition detec- 
tion probability distribution of FIG. Id is proportional 
to the inverse of the signal-to-noise ratio (S/N) of the 
FIG. Ic playback signal. The root mean square devia- 60 
tion cr n characterizes (probabilistically) the distance 
that noise will shift or move a binary channel "one" in 
the run length limited code recovered from the "pits" of 
lb, this distance being one bit in the example of FIG. le 
(the channel data in le contains one single shift error). 65 

Significantly, the single shift error of FIG. le created 
an error in not one but two adjacent run symbols which 
represent the received run length limited code. Specifi- 
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cally, the second symbol, represented by five zeroes in 
the "correct" code of FIG. la. has been changed to six 
zeroes in the "readout" code of FIG. le, while the third 
symbol represented by four zeroes in the "correct" run 
length limited code of FIG. la has been changed to only 
three zeroes in the "readout" code of FIG. le. 

The main purpose of the present invention is to detect 
and correct shift errors which: (a) have not caused RLL 
constraint violations (and thus are not detectable using 
prior art techniques) and (b) would otherwise cause a 
short error burst (i.e., an incorrectly decoded sequence 
from one to ten user bits long-due to RLL decoding 
error propogation) to be presented to the "outside" 
ECC decoder for correction. 

Shift Correction Code 

Referring to FIG. 2, the system of the invention in- 
cludes a channel 10 typical of either a data communica- 
tion channel or a data storage system such as a disk 
drive. Digital channel data is transmitted to the channel 
through a digital-to-analog converter 12 and is read out 
of the channel through a data detector 14 which outputs 
a TTL data signal analogous to the record waveform as 
well as a clock that is synchronous with it. A shift cor- 
rection code (SCC) encoder 16 is connected after a 
channel encoder 20 to the input of the digital-to-analog 
converter 12 and a shift correction code (SCC) decoder 
18 connected ahead of a channel decoder 22 to the 
output of the data detector 14. 

The shift correction code of the SCC encoder 16 and 
SCC decoder 18 may work in conjunction with an error 
correction code. For this purpose, an error correction 
code (ECC) encoder 24 is connected upstream of the 
channel encoder 20 while an error correction code 
(ECC) decoder 26 is connected downstream of the 
channel decoder 22. The purpose of the SCC encoder 
16 and the SCC decoder 18 is to detect and possibly 
correct any noise-induced shift errors which may be 
present in the channel encoded data received by the 
channel decoder 22, so that the user data error bursts 
that result from channel decoding of the channel bit 
stream in the neighborhood of such shift errors do not 
reach the ECC decoder 26 or are flagged as erasures if 
they do reach the ECC decoder 26. The net advantage 
of this is that the overhead of redundant check symbols 
required by the ECC encoder 24 may be substantially 
reduced since the "outside" ECC will not have to di- 
rectly deal with the (potentially pathologic) high inci- 
dence of short error bursts caused by the anticipated 
level of noise-induced shift errors in the received chan- 
nel encoded data. The error correction code which 
works on the user data is augmented by the shift correc- 
tion code which works on the channel data in the sys- 
tem of FIG. 2. 

The binary data (FIG. 3fl) to be recorded enters the 
"outside*' ECC encoder 24 which encodes the message 
by partitioning the user data into blocks (messages) and 
adding some redundant check bits at the end of each 
block to produce ECC codewords (FIG. 3b). Before 
output of the ECC encoded user data, the ECC encoder 
may interleave the individual ECC codewords (in order 
to randomize long error bursts). If interleaving is done 
to depth I, the first symbol of each of the first I code- 
words are sequentially output, followed by the second 
symbols of those I codewords, etc. (FIG. 3c). The chan- 
nel encoder 20 then encodes the ECC encoded binary 
data by transforming it into a D,K constrained binary 
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sequence (FIG. 3d). The SCC encoder 16 then encodes 

the channel bit stream of FIG. 3d by selecting a block of . i o i o l i .. i.e.. 

1 contiguous channel bits (which preferably encom- 
passes an integral number of ECC code symbols), com- oo : o i.nao i.oo. I 0.00.00 Channel Data 
puting the sequence of RLL code constrained channel 5 . : 1 0; 1 0: 1 i; . i\er Dau 
bits that constitute the SCC parity or check symbols 

and appending those SCC check channel bits to the 1 If the clock (phasing) slips by one channel bit to the left, 
message channel bits to form an SCC codeword. FIG. the same channel bit stream will mis-decode to the user 
3e illustrates the case in which the SCC codeword's data stream 
message portion corresponds to the first five ECC sym- 10 

bols output by the interleaving ECC encoder. The digi- . 0 l 10100.. i.e.. 

tal-to-analog converter 12 then transforms the RLL 

data of FIG. 3* to an analog voltage waveform (FIG, °; ° 0 a 1 , a °* ' 0 a °, L 0 Q a ° 0 °' 0 <j£ n j£ ° ata 

3/). This waveform is recorded on the storage media 10. d 

During playback, the data detector 14 receives the 15 ~ a A e 4 _ . r . , . 

1 e , J j,u jj-i* One could ensure automatic resetting of the channel 

ana oe waveform that corresponds to the recorded data , , u , . - /f , ~ . ... 

. a t _ T c v . # . , clock phase by recognizing (from the 2,7 coding tab e) 

and outputs a TTL waveform similar to the record .1. . f u 1 j . • - r e w 

waveform in (FIG. 3f) as well a synchronous clock. tha 7* Ss t a * e of ? ann ?} data <™»*™* of ^ en * e T 

However, in this example (FIG. 3*) there is a shift error beX ™ en r °™ c ? n °^ ~ such , that «Jf 

in the playback RLL data. The SCC decoder 18 uses 20 ° n 5? '^.J™ *f °/ a ^nneU, lt pair ( , qo. 

the SCC redundant check bits to remove the shift error. 10 ; °9' °?' °?' 10 ' • ' ■ > and verifying/resetting the chan- 

leaving a shift-error-free channel bit stream (FIG. 3b). nel ^°ck phase each trnie such a channel bit passage 

In the event that the errors (shift or otherwise) in the ° ccurs * However ; > s n fky since a hard (medium 

SCC codeword cannot be handled by the SCC, the de ? ct) error cou l d randomly eliminate a channel one 

SCC parity checks are stripped awav. the received 25 and cause a mis-adjustment of clock phase to randomly 

message portion of the SCC codeword'is passed to the occur * In order 10 ensure maintenance of channel clock 

modulation decoder and a flag is enabled that marks the P hase m P r,or s y stems *' hlch have a hi S h rate of 

integral number of outside ECC symbols corresponding dropouts special patterns of channel data (called bit 

to (i.e.. mapped into) the SCC codeword as erasures. ' es >' nc fields) are embedded into the recorded channel 

The modulation decoder 22 now uses the clock and 30 data stream - Suc , h b»t resync fields are chosen so that 

channel bit stream passed to it by the SCC decoder to th u e >' ar f detected with high probability in the received 

reconstruct the ECC encoded user bit stream (FIG. 3a). channel bit stream; when detected they are used to 

The ECC decoder 26 then employs the ECC redundant verify/reset the channel clock phase. The overhead 

check bits and anv erasure information to remove anv associated with such bit resync fields can be quite high, 

dropouts or bit errors in the ECC encoded user data (in 35 as much as 10% » or one bvte of res >' nc for every 10 

this simple example there are none). What is left is the bvtes of recorded user data. 

original binarv user data (FIG. 3j). The scc code of the present invention can be de- 

fined by the skilled worker such that a known number 
Synchronization Features 0 f channel bits are contained in each of the information 

A. Channel Bit Synch: A conventional modulation 40 and parity parts of the SCC codeword; bit resync can be 
decoder (of the type to be employed to accept the SCC verified/reset on these boundaries. This process is espe- 
decoder output, cf., FIG. 3g through FIG. 3i) requires cialIv practical if the two parts of the SCC codeword 
both the channel data (bit streamf and a clock that is are made to start with a channel "one". This feature is 
synchronous and properly phased with the channel data easi,v obtained if a (D.K) RLL code is used that admits 
iii order to decode the channel data into user data. In 45 t0 an encoder having reset data blocks which reset the 
fact, if a phasing error (conventionally called a bit-slip) encoder to a fixed state (which corresponds to the send- 
occurs between the channel clock and data, misdecod- in g of a channel "one"). Such an RLL code (and en- 
ing will usually occur. This can be seen by considering coder) are described in U.S. Pat. No. 4,413,521. Aher- 
the following example: natively, a minimal number of "linking" channel bits 

50 can be appended to the ends of both the information and 
parity parts of the SCC codeword to effect such opera- 
tion. 

In addition, the occurrence of a channel bit "slip" can 
be detected with high probability when the syndrome 
55 of the received SCC codeword is computed by the SCC 
decoder. Once a bit slip is detected, the system can be 
flagged to adjust the channel clock phase when channel 
decoding is attempted, thereby increasing the probabil- 
ity of correct data recovery. Thus the invention pro- 
60 vides via the SCC code a reduced reliance on bit-resync 
Using the (2,7) coding table supplied above, it can be fields for reliable data recovery. In fact, the overhead 
seen that the channel bit stream 0 0;'0 1, 0 0, 0 1, 0 0, 1 associated with the SCC code parity channel bits (and 
0, 0 0, 0 0 (where the commas demark the boundaries, or linking channel bits, if any) will be partially or totally 
phasing, of the received channel data, i.e., they specify offset by the reduced number of resync channel bits that 
the proper pairing of each two channel bits that corre- 65 may be required. 

spond to a single user bit) decodes to the following user B. Symbol (Character or Byte) Synch: In order to 
data bit stream (when decoding starts at the semi- decode the "outside" ECC codewords, the boundaries 
colon): between individual ECC codewords in the received 
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data must be identified. More specifically, individual 
"outside" ECC symbols must be recognized and ad- 
dressed (i.e., labeled as to which interleaved codeword 
they belong and what sequential position they occupy 
in that codeword). This process is known as symbol or 5 
character synchronization. It is common practice to 
initialize character synch by detecting special fields 
(called address marks) recorded in the header section of 
each sector of data in a data storage system, and further 
to record a known number of user data bits (or equiva- 10 
lently, ECC symbols) in a given sector or between bit 
synch fields in the data portion of the sector so that 
character synch can be verified/reset on those bound- 
aries. Since the information portion of an SCC code- 
word contains an integral number of ECC symbols and 15 
its parity portion contains a known number of parity 
channel bits, the SCC codewords themselves can be 
used to establish boundaries that may be used to veri- 
fy/reset character synch. Thus, the conventional resync 
fields may be dispensed with to reduce overhead. 20 

C. Auto-phasing Via the SCC: The symbols of the 
recorded SCC encoded data itself are essentially inte- 
gers ranging between D and K. where (D.K) are the 
parameters of the (D.K) RLL code used in conjunction 
with the SCC. These symbols are recovered in the SCC 25 
decoder from the channel data and clock output by the 
data detector (cf.. FIG. 3g and 3/;) simply by counting 
the number of channel clock cycles that elapse between 
adjacent channel data "ones". It is not required that the 
channel clock be phase-locked to the channel data in 30 
order to enable SCC decoding — all that is required is 
that the clock is synchronous (i.e.. running at proper 
frequency) with the recovered channel data. An exam- 
ple of such a counter would be a shift register which is 
clocked by transitions in the arriving channel clock, and 35 
which has its output initiated by the arrival of (input of) 
a channel "one". Since the SCC decoder will readily 
recognize SCC codeword boundaries, it can be made to 
synthesize a channel clock that is synchronous with, 
and has proper phase with respect to. the channel data 40 
that is output by the SCC decoder to the modulation 
decoder. Thus, the SCC decoder will establish auto- 
matic synchronization and phasing of the . channel clock 
and data presented to the RLL decoder, and in this way 
will improve the system's tolerance to jitter. 45 

Shift Correction Code Encoder 

The SCC encoder 16 of FIG. 2 is illustrated in greater 
detail in the block diagram of FIG. 4. The SCC encoder 
16 treats the D,K constrained sequence of channel bits 50 
sent from the channel encoder as a sequence of individ- 
ual run symbols, xy, in "x-space". The run symbols, x/, 
are computed in a counter 30 that counts the modula- 
tion encoder clock cycles that elapsed between the 
arrival of contiguous channel "ones". The message 55 
portion of the SCC codeword will consist of a number, 
1, of channel bits, or equivalently, a maximum of 
k=l/(D+ 1) run symbols x y . In a preferred embodiment 
I will correspond to an integral number of outside ECC 
code symbols. If the ECC is based on GF(2 m ) then 1R 60 
mod 2 m =0, where R is the rate (user bits per channel 
bit) of the RLL modulation code. The SCC encoder 
communicates with the modulation encoder via a buffer 
(not shown in FIG. 4) which sends I channel bits at a 
time. Such a buffer may need to pause for a time T 65 
between sending intervals if the SCC encoder does not 
compute the SCC parity checks in real time. Each run 
symbol, xj is applied to a forward transform processor 



10 



32. The processor 32 transforms the x-space data into 
"s-space" data wherein the j ,A s-space symbol is ob- 
tained by computing the sum of the previous (k— j) run 
symbols that are received for a given block 



(i.e., S ; =.u- 



•Xj). 



as denoted in FIG. 4 (Note: j, the index of x/and S/runs 
from 0 to (k — 1).) Each symbol s/of the s-space data is 
then reduced by dividing it by a number p and discard- 
ing all but the remainder of the division; this is done in 
a processor 34. Such an operation is called reducing 
each symbol modulo p, and we define sy=s y mod p. 

The number p is the number of shift states, and is 
usually equal to three (forward shift, backward shift, no 
shift). The number p is one plus twice the maximum 
length in channel bits of a shift error in the RLL data. 
Typically, only single shift errors are to be corrected, so 
p=3, and all the s-space symbols s/are reduced modulo 
3. The SCC code itself is a linear, systematic, cyclic 
code over GF(p), i.e., the symbols of the code are ele- 
ments of GF(p). 

A processor 36 forms an s'-space message polynomial 
C.\/(Z) from the succession of symbols s/ mod p in the 
data block. Thus, the maximum degree of this message 
polynomial is (k-1) where k = l/(D+1) and 1 is the 
number of message channel bits in the SCC codeword. 
As denoted in FIG. 4, the message polynomial C.v(Z) is 
simply a polynomial in powers of z in which the s'-space 
symbols s/are employed as individual coefficients of the 
powers of z. The message polynomial C\i(Z) is 
"shifted" by multiplying it by 2 r to form a shifted mes- 
sage polynomial Ca/(Z). The number r is equal to the 
number of GF(p) parity symbols that ultimately will be 
appended to the message portion of the SCC codeword 
by the SCC encoder. The shifted message polynomial, 
C.\f(Z) t is then divided by a code generator polynomial 
g(Z) (whose selection is discussed below) in a processor 
38. The results of this division are disregarded except 
for a remainder R(Z) "left over" following the polyno- 
mial division operation. (This is called reducing C.\KZ) 
modulo g(Z).) R(Z) itself is a polynomial of degree 
(r - 1) and its coefficients (which are elements of GF(p)) 
constitute the sequence of SCC code symbols which are 
the parity checks. The parity check symbols, which are 
taken as elements of s'-space, are then inverse trans- 
formed in a processor 40 from s'-space to x'-space and 
the result comprises the "x'-space" representation of the 
SCC check symbols (to be appended to the message 
portion of the SCC codeword to form a complete SCC 
codeword). This inverse transformation is performed 
by solving the set of r simultaneous equations denoted in 
FIG. 4 in connection with the inverse transform proces- 
sor 40. The r run symbols x'jthus obtained are the mod 
GF(p) reductions of the run symbols x ; that constitute 
the actual channel bit sequence corresponding to the 
parity portion of the SCC codeword. Since the value of 
each x'y will be some integer in the range 0 to (p- 1), the 
corresponding sequence of channel runs x/ can be ob- 
tained from x'j by adding x'y zeroes to the sequence 
consisting of D channel zeroes, i.e., x/=x';+D. This 
operation is necessary so that the channel bit stream that 
is associated with the parity portion of the SCC code- 
word will obey the RLL code's (D,K) constrains. The 
conversion of the r-tuple of x'-space symbols which 
correspond to the parity checks of the codeword to an 
actual RLL constrained sequence of channel bits is 
accomplished by circuitry 42 in FIG. 4. As an example, 
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suppose r=4 and p=3 (i.e.. the SCC works over Galois field GF(p?) where p is simply the number of 
GF{3)): Then OSx',^2 for j = 1 through 4. And. if an possible shift states while q is the number of contiguous 
RLL code with D = 2 is being used, the maximum channel runs that are used to make up an SCC code 
length of the channel bit sequence corresponding to the svmbol and is usually chosen to span the anticipated 
SCC parity checks will be 20 channel bits. i.e.. the maxi- 5 typical shift error. Typically, p= 3 (forward shift, back- 
mum length channel bit sequence is 10000, 10000. ward snifL no shift)> whi]e q== , for sing]c shift error 

10000, 10000. since normally a shift error is an isolated random event 

Although the above-descnbed method of converting ( , could be chosen jf Mfx errofs occurred jn burs( 

from parity symbol r-tuples to RLL constained channel ThuSt in the ica , lication of this invcntiont the 
bits is simple, it is relatively inefficient. That this is the in . . 1 • 1 

case can be seen by referring to Table I which lists ^f"™ P ol V nomiaI «W» de ^ ed ° ver GF(3) 
versus sequence length both (i) the number of 2,7 con- and u the shlft ^I^ 110 " ,s £ rfo ™ ed '? , a f c °L d *" ce 
strained sequences beginning with a "one- and ending w,th 1 a " raar y r BCH codc * The GaIois field GF(3) is 
with either a ''one" or an arbitrary number of "zeroes" ^P 1 * the set of numbers or symbols - 1, 0, 1. Multipli- 
(less than 8), and (ii) the number of 2.7 constrained 15 catl0n and addition in GF(3) are defined in the normal 
sequences that begin with a "one" and end with at least wav - exce Pt that I + 1 = — I , and — 1 — 1 = + 1 . If shift 
two, but less than 8, "zeroes". Clearly, for better effi- errors occurred in bursts q> 1 would be chosen and the 
ciency, the 8 1 possible parity sequences for our example shift correction would be performed in accordance with 
case (i.e., p=3 and r=4) could be encoded uniquely via a Reed-Solomon error correcting code over GF(p?). 
a much shorter 15 bit long 2,7 sequence that begins with , n _ . f _ 
a "one" and ends arbitrarily (since 105 such sequences Example of SCC Encoding 
are possible). Alternatively, a 17 bit long 2.7 sequence We will consider the case of using (26,22) BCH code 
beginning with a "one" would be required if we de- over GF(3) as a single shift error correcting SCC that 
mand that the sequence end with at least two "zeroes". can detect/correct one shift error (t = 1) per codeword. 
(Why such a sequence is desirable will be discussed 25 (2,7) RLL modulation code will be assumed. The code- 
below.) * word length is n=26=3'»- 1; so m = 3 and we shall use 
As was discussed earlier, the use of an SCC code will mt(Z) = Z**-Z + 1, a primitive polynomial of Z^- 1, to 
produce enhanced synchronization capabilities if the de f me the locator field GF(3*). Since t = 1. we can take 
transmitted (recorded) SCC codewords are fixed in g(Z)=mo(Z)mi(Z)= 
length and both their message and parity parts start with 3Q 

a channel "one". To enable this feature, a fixed number * iZ-\MZ } -z-))=z i -z } -z : -Z-\ as 

of link channel bits are always inserted (via circuitry 43 

in FIG. 4) after the channel bit sequences that represent t he generator polynomial for our (26,22) ternary BCH 

both the message and parity portions of the SCC code- code . Since k = 22, the SCC codeword can accommo- 

word. (Such link bits are necessary whenever the mes- ^ date a message of at most 22 channel run (x-space) sym- 

sage or parity parts end with less than D "zeroes"). As " bols Since , he shonest {2J) run js D==2 ( . h,^, 

an example, if 2 7 RLL code is used. 3 Imkmg channel the m , of the scc WQrd musl be 66 ^ 

bits are required to be added to the message part of the ^ ns j 
channel bit stream as follows: 



Suppose that the 66 bit long message is as follows: 



40 

message part ends in 0 0: link hii> are 1 (I 0 000000010001 



message nan ends in 0 I: link oil* arc 0 O 0 

message part end, in I 0: link hit. are 0 0 u 1000000 1 000000 1 000000 10000 1000000 1000 10000000 100000001 



(This last pattern is needed to guard against >7 sequen- thal K. tr *e sequence of x-space runs is (for i = 21 to i=0) 

tial zeroes.) Thus, in the case of our example, the chan- 4? , , 

nel bit encoded parity portion of the SCC codeword {x,):= {0.0.0.0.0.0.0.0.0.0.0.6.6.6. 4.6.3.7.7.7.3.0}. 
would be 18 channel bits long if the arbitrarilv-ending 

1 5 bit pattern plus 3 link bits were used, and 17 bits long Note th ?< we set x 2i through xi 1 =0 since there are only 

if the 2.7 sequence starting with a "one" and ending 1 1 runs in particular 66 bit long (2,7) sequence. The 

with ^2 "zeroes" were used to represent the parity part 50 corresponding s-space and s'-space sequences are: 
of the SCC codeword. 

Lastly, the computed (or table look-up generated) 

channel bit sequence that represents the SCC codeword ' " " **' 

parity and the attendant linking bits are appended to the {s/)={o 0.0.6.0.1.1.1.- 1.0.1.1 1} 

message channel bit sequence via a switch 44 that coop- 55 

crates with i , controller 45 and delay buffer 31 to form ^ m polynomial is then, 

the channel bit stream representation of he SCC code- C .w(Z)-Z'+Z»+Z>-Z«+Z2+Z+ 1. Multiplying 

word. During the interval when he pan y and hnk bits c ^ z) b z4a|)d djvjdj f GF 3 J * J 

are being transmitted, the channel (modulation) encoder oc n ro ' iT , H *, D /7\ %\ , v 4 JL , " 

is reset to an initial state so that the next message trans- 60 * a 7? a '? d ^* (Z = - z3 + z ~ z - 50 that *e 4-tuple 

mined by it to the SCC encoder will begin with a chan- * * e . S re P resen |*'°" of the parity 

nel "one symbols. To obtain the x -space parity checks we solve 



Selection Of The SCC Code Generator Polynomial 



the four equations 



The SCC code generator polynomial g(Z) used by 65 

the processor 38 in FIG. 4 is selected via the normal *>.w>2-jf>i = i and 
procedures for designing a linear, systematic cyclic 

code, except that polynomial coefficients are taken from *>.i -r-jry,=o to 
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more zeros is required to represent the parity as a 2,7 
obtain x>?=l, x' p V=l, x' p i=-ls2 and x>=-la2 ■ RLL channel bit stream. Thus, the maximum rate of this 
(where we have used the fact that - 1^2 when reduc- two-error-correcting SCC is 
ing a number mod 3). Using the simple method of trans- 
forming to channel bits, i.e., x/=x';+D, we obtain for 5 (19 , h v? 
the parity portion of the SCC codeword 0 g >. 3) + 3 + 26 ~ "IS" ~ ° 66 * 
{x p }= {3,3,4,4,}. Note, however, that the sequence U p } 

is only 18 channel bits long. Linking bits (which pre- 0 n the other hand, an n=242=3*-l symbol long ter- 
serve the 2,7 run length constraints) must be added to nary BCTH used as a t=l SCC code would have six 

achieve a parity length equal to 20 channel bits. Noting 10 par j ty symbols (3 6 =729 parities) and if used in conjunc- 
that Up} corresponds to the s-space sequence is,* = 3, tion with ^j) RLL modulation code the rate would be 
s p2 =6, s,i = 10, Spo=14} and that Xpo=4 we compute 
the required number of parity linking bits as 
P/.=20-(spo+4)andaddPi2eroestoxpoifPi^2and " 

add a fifth parity run x,z=(Pl- 1) if P/>2 (note that 15 (2 36 v 3) 1 3 * 23 = W ~ a9646 - 

?i cannot be greater than 8, so that \ p l ^ 7 as required). 

Thus the SCC codeword is Another form of the "simple" method of transform- 

message parity ing from the parity r-tuple in s'-space to channel bits is 

^ > * to define the range of the elements of {x' p } to be 

C(Z) = 2 n - z 1 "- z'-zUZ^Z-z 4 ^ z y - Z : - 1 20 -l^x'p/^-f 1 instead ofO^x'p/^2 as was done earlier, 

and to use the relation 

and its corresponding channel bit run sequence, which 

has total length equal to 66+ 3 + 20= 89 bits is x pi =x' P i+(D+ \ ). 

message -f- link parity 25 Thus, for example, the s'-space 4-tuple {l, —1, 1, 0} 

^^m^n^™^ ' ' would correspond to x'p3=l, x'p2=l» x'pi = — 1, 

{x,} « {6.6.6,4.6.3.7.7.7.3^: 3J.4jj _ 1 anc j { X p}={4, 4, 2, 2} when a D=2 RLL code 

*\ \ is used. In this case Spo= 12 and Pl=20-<12+4)=4, so 

3 link iwo link zeroes a fifth run x/>i=P/.— 1 = 3 is added to Up) to obtain the 

zeroes added added here 30 20 channel bit long parity Sequence. 

bcrc If this latter method of representing the parity is used, 

Note that the 2 link bits at the end of the message part the s-space parity r-tuple can be obtained from the se- 
are stripped and discarded when the SCC coded chan- quence {x p } simply reducing its elements mod 3, which 
nel bit sequence is received by the SCC decoder. Also. is the same method that is used to determine the s-space 
if five parity runs were present the decoder would pro- 3 - representation of the information part of the SCC code- 
cess only the first four runs in the parity portion. Syn- word from the message channel bit runs, 
chronization is maintained by the decoder since it In the detailed example of SCC coding and decoding 
knows that the message and parity parts of the SCC which follows, the "simple" method in which 
codeword start with a channel "one" and that the mes- 0^x'p/^2 and x^-x'^+D is used to generate the SCC 
sage and parity parts are always 66 and 20 channel bits 40 codeword's parity channel runs, and thus two different 
long, respectively, and that three linking channel bits methods must be used to obtain the s-space representa- 
are sandwiched between the message and parity. tions Q f message and parity parts of the SCC codeword 

The example (26,22) BCH code discussed here is not f rom tne received channel runs during the decoding 
particularly efficient, but it is pedagodically interesting operation. 

to calculate its rate, which is . ~, „ . ~. , 

Channel Bit Representation Of Parity Checks 

66 M 66 ^ 0 74; The "efficient" method (discussed above) of repre- 

66 + 3 -r 20 M 89 = * senting the r parity symbols as a RLL constrained se- 

« n quence of length U which begins with a "one" and ends 

The SCC code's rate can be increased by using the ^ whh at Jeast D » 2eroeir , re q U ires further discussion. So 

alternative (more efficient) method (discussed earlier) Iong M thfi RLL sequence of length j has at least p r 
for converting the SCC parity checks to channel bits pr = 37 =2 187 in the case of the (26,19) ternary 

(i.e., parity is a 17 bit long (2,7) sequence ending with = j$cH SCC discussed above) unique assignments, it can 
two zeroes) ^ use( j to logically represent the parity r-tuple, i.e., 

there can be a one-to-one correspondence between 

66 m _66_ _ 0 767 every possible parity r-tuple and a unique RLL se- 

66 + 3+n 86 quence of length Xp, In general, however, many of the 

A double error correcting (i.e., corrects two single-shift V«« »°"B RLL s «J uence * ™" contain less than, or 

errors per block) version of our n=26 symbol long 60 more than r runs, and so there is not a physical 

ternary BCH SCC could be obtained using as a genera- correspondence between the parity symbols {s,} and 

tor polynomial g(Z)= Mo(Z)M,(Z)M 2 (Z). where the {x,}. As ;an example, from Table II (which lists the 

Mj(Z)=ZJ+Zl+Z-l. (M 3 (Z) is not included here number of 2,7 sequences having N* runs (l£N*g9) 

since it is the same as M,(Z).) Thus, g(Z) has degree=7 versus sequence length 1,) we see that a l,=26 bit long 

and our t=2 SCC code is a (26,19) ternary BCH. Since 65 RLL 2,7 sequence has 80 sequences containing four 

there are seven parity checks, 3 7 =2187 unique parity runs, 735 sequences containing five runs, 1161 contain-, 

sequences are possible, so at least a 26 bit long 2,7 se- ing six runs, 462 with seven runs and 36 with eight runs, 

quence that begins with a "one" and ends with two or Since only 18.6% of the total of 2474 26-bit-long RLL 
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2.7 sequences contain 7 runs, there are not enough 
N/f = 7 run. 26-bit-long sequences to allow one such 
sequence to correspond to each of the possible 3" = 21 87 
parities of a (26.19) ternary BCH code. Thus, if the 
parity information were recorded (transmitted) using a 5 
26 bit RLL 2.7 sequence, error propogation could occur 
if a shift error (or a drop-out or drop-in error) contami- 
nated the received parity channel bits. i.e.. a single error 
could corrupt more than one parity symbol. Such error 
propogation could be pathologic to a random (non- 10 
burst) error correcting code such as a BCH code. 

One method of mitigating such error propogation is 
to choose the RLL parity sequence length \ p large 
enough so that there are enough RLL sequences con- 
taining exactly r runs to accommodate the p f parities. 15 
For example, the (26.19) ternary BCH SCC has 
p'=3 7 =:2187 and. from Table II, a 1^=29 bit long RLL 
2.7 sequence has 2807 instances containing seven runs. 
Thus, the 29 bit RLL 2.7 sequence which begins with a 
"one" and ends with ^2 "zeroes" could be used to 20 
obtain both logical and physical one-to-one correspon- 
dence between the parity 7-tuple. {s/}. and the parity 
part of the recorded (transmitted) channel bit sequence, 
{x^}. It should be noted that the 29 bit RLL 2.7 se- 
quence is 17# shorter than the 35 bit long sequence that 25 
would have been required if the simple method (i.e.. 
x^^x^'tD) of mapping parities to channel bit runs had 
been used. 

Another method of mapping parity r-tuples to chan- 
nel bit sequences in a robust manner involves using a 30 
parity channel bit sequence {x P } that is tolerant to inter- 
symbol interference. Such a sequence could be obtained 
if one deleted all the shortest runs (i.e.. all x^, — 2) from 
the sequence {\p}. This could be effected by using a 
(D-J- l.K) RLL sequence to represent the parity when a 35 
(D.K) RLL sequence is used to encode the message 
information. Table III. which is similar to Table II. 
shows the distribution of runs contained in 3.7 RLL 
sequences of length \ P . Note that an I r =34 bit Jong 
sequence has a total of 2602 instances ( > 3" = 2 1 87) and 40 
that a l /) =36 bit long RLL sequence has 2415 instances 
(also > 3" = 2 187) containing exactly seven runs. Thus, 
either 34 or 36 bit long 3.7 RLL sequences could be 
used to represent the (26.19) BCH SCC parity 7-tuples 



16 

with enhanced reliability (relative to using 26 or 29 bit 
long 2.7 sequences, respectively). 

The invention therefore recognizes that various 
methods can be used to represent the SCC parity as a 
stream of channel bits and that enhanced reliability of 
the recorded (transmitted) parity part of the SCC code- 
word can be obtained by using increasingly longer 
channel bit sequences {x^} to represent the parity. Of 
course, this is at the expense of the SCC's code rate. 

Finally, it should be mentioned that when the "effi- 
cient" method of representing the parity symbols as a 
constant-length RLL sequence is employed, the map- 
ping of parity r-tuples to channel run sequences should 
be done in a robust manner. This can be accomplished 
by insuring that parity r-tuples that differ by more than 
one element are represented by RLL channel bit se- 
quences that differ by more than one single-shift, so that 
one single shift error could not transform one sequence 
to another. Alternatively, parity r-tuples pairs that have 
two or more different elements should be represented 
by channel run sequences which would require multiple 
shift errors to transform one into the other. 



TABLE I 




Number of 2.7 Constrained 






Sequence vs. Sequence Lencth 








No. of Sequences 




Number of Sequences 


beginning with "1" and 


Sequence 


beginning with "I" 


ending with 2 or more 


Length. \ r 


having arbitrary ending 




**2eroes" 


13 
14 


51 
73 




23 
34 


15 


105 




48 


lb 


150 




68 


17 


214 




98 


18 


307 




141 


11 


440 




201 


20 


629 




287 


21 


900 




412 


22 


1289 




590 


23 


1845 




843 


24 


2640 




1207 


2J 


3779 




1729 


26 


5410 




2474 


27 


7743 




3540 


28 


11082 




5068 


29 


15863 




7255 


30 


22706 




10383 



45 

TABLE II 



Sequence 

Length. I r N/f 



Number of (2.7 > Sequences 
Having Ng runs vs. Sequence Length* 
Number of Sequences having S n Runs 



Sfi =4 N* c 5 N/f . 



N* = 7 K H = 8 



Total No. 

Nft =9 Nfl g 10 Sequences 



8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 

19 
20 

21 

■»*» 

23 



1 

3 
6 
10 



21 
15 
10 
b 



1 

4 
10 
20 
35 
56 
80 
104 
125 
140 
146 
140 



1 

5 
15 
35 
70 
126 
205 
305 
420 



I 

6 
21 
56 
126 
252 



7 

28 



1 
1 
1 
2 
3 
4 
5 
8 

12 
16 
23 
34 
48 
68 
98 
141 
201 
287 
41.2 
590 
843 
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Number of (2.7) Sequences 
Having Sk runs vv Sequence Length* 



SCQUtflH-C 




Sum her 


of Sequence* ha vine N P 


Run* 






Total No. 


Length. \ r Sft - 1 


N* = 2 


N,. = 3 v A . *. a 


N* - 5 






N#t =■- » 




Sk — '0 Sequence-* 


24 




1 125 


540 


45b 


84 


i 




1207 


25 




104 


651 


75b 


210 


s 




1729 


2b 




80 


735 


lib! 


4b2 


36 




2474 


27 




5b 


7*0 


Iftbb 


917 


120 


1 


3540 


28 




15 


780 


224T 


1667 


330 


9 


5068 


29 




20 


735 


2856 


2807 


792 


45 


7255 


30 




10 


651 


3431 


4417 


1708 


165 


1 10383 



•Nile 

All \equeiKv* begin wiih a "1" aitd end with m L-^i t\\.- -<r\ 



TABLE III 



Number of (3.7) Sequences 
Havi ng Nftruns vv Sequence Lenelh* 



Total No. 



Length. \ r Stt - 1 






3 Sh = 4 


Sft =5 S H » 6 


S H = 7 


N* = 8 


N/f = 9 Sequences 


4 1 














j 


5 1 














1 


6 1 














1 
1 


* 1 


1 












■> 


9 














-» 


10 
















11 


4 












4 


12 


5 


1 










6 


13 


4 












7 


14 




b 










9 ' 


15 


i 


l'l 










12 


16 


1 


15 


1 








17 


I* 




l> 


4 








22 


IS 




\v 


10 








29 


1** 




Is 


2f> 








38 


20 




15 


35 








51 


21 




Id 


52 


5 






67 






b 


6S 


15 






89 








SO 


35 






118 


24 




1 


85 


7(1 1 






157 


25 






80 


121 6 






207 


26 






68 


1S5 21 






274 


IT 






«"» 


255 5b 






363 


2s 






35 


320 12b 






483 


2 1 * 






20 


365 24b 


7 




63S 


30 






10 


38 1 42b 


28 




845 


31 






4 


365 6bb 


84 




1119 


32 








320 951 


210 


1 


1483 


33 








255 1246 


455 


S 


1964 


34 








185 150b 




36 


2602 


35 








121 168b 


1520 


120 


3447 


36 








70 1751 


2415 


1 


4567 










35 168b 


3535 


9 


6049 



AH wqtiL-rKV* bc^in a "I" and cnJ with ai k\i«' iw* 1 



Shift Correction Code Decoder 

The analog "playback** signal from the storage media 
10 in FIG. 2 is transformed to binary RLL data (i.e.. a 
sequence of pulses together with a synchronous clock 
running at the channel bit rate) by the data detector 14 
before being sent to the SCC decoder 18. Referring to 
FIG. 5, the SCC decoder 18 of FIG. 2 includes a 
counter 58 which generates the x-space RLL runs from 
the received data and a transform processor 60 which 
transforms the * 4 x-space M data to s-space and then to 
"s'-space** symbols; the sequence of s'-space symbols is 
the received SCC codeword. Note that all linking bits 
are discarded in these steps and any look-up needed to 
transform the physical parity sequence {x^} to the cor- 
responding logical parity sequence {s' p } is also done at 
this time. The received codeword thus consists of a 
sequence of elements drawn from GF(p) representing 



the coefficients of the SCC codeword polynomial C(Z). 
A syndrome processor 64 then computes the partial 
syndromes S/by dividing (in GF(p)) the received code- 
55 word polynomial C(Z) by the code generator polyno- 
mial g(Z) and then evaluating the resulting remainder 
polynomial at each root of g(Z). These roots are ele- 
ments of the code locator field GF(3 m ), where 
n=3'"-l, i.e., 

60 



S, = rem 



£i£L 

s (2) U 



65 where cJ are sequential roots of g(Z) drawn from the 
locator field a 0 , a 1 , a 2 , ... , a v (where N = 3 m -1) 
generated by the chosen primitive polynomial (of de- 
gree m) defining the code. 2tosuch S/s are required, i.e., 
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mo=j=(niuH-2to— 1). where j defines the required 2t 
sequential roots of the code generator polynomial g(z). 
If the principal received syndrome 



S = rem 



C<ZI 

£<Z> 



= 0 



(i.e.. there are no errors), an enabling signal is sent by 
processor 64 to processor 80 (in FIG. 6) which sends 
the RLL encoded message portion of the SCC code- 
word which is obtained (via processor 58) from the 
x-space data, together with a synchronized and phase 
locked channel bit clock signal to the RLL decoder. 
Processor 80 generates the channel bit stream from the 
x-space runs obtained from counter 58. If an uncorrecta- 

SjCTv — S,- ) CT, _ | - Sy- 10\- : - 



10 



20 



table as well. However, we shall proceed now to de- 
scribe the more general case of decoding that would 
apply to codes designed to correct many errors. 

If a correctable error pattern is detected by processor 
64. an enabling signal is sent to processor 66 which 
utilizes the 2to partial syndromes Sj to determine the 
error locations and error values via one of the conven- 
tional methods. For example, the error locations could 
be obtained by determining the v roots of the error 
locator polynomial (l^v^to) 

2U)»C*-<ri*" r - , »+o-2{ ,r - 2) - ... 

^(-l) ,v - , 'cr,_^-i-(-l) l o- l .=0 

using the to equations (mo=j=mo+2to- 1) 
- (-n ,i - 1, s^ ) _|o-i - {-d'Vv = o 



ble error pattern is detected by processor 64, the re- 
ceived message channel data, together with the phase 
locked clock signal, is sent to the RLL decoder, but in 
addition an erasure flag signal is sent to the outside ECC ^ 
decoder, thereby indicating that the message channel 
bits corresponding to the current SCC codeword are 
corrupted with either an uncorrectable number of shift 
errors, or by hard (drop-in or drop-out) errors. The 
processor 64 can be made to immediately recognize an 30 
uncorrectable error pattern by referring to a look-up 
table (i.e.. a ROM) which stores the syndromes which 
correspond to either all the correctable or uncorrecta- 
ble error patterns. As an example, for the (26.22) ter- 
nary BCH SCC which corrects one single shift error 35 
that was discussed earlier, there are four parity symbols 
(drawn from GF(3)) and thus a total of 3 4 -81 partities. 
Since there are only 



40 



possible single errors in the n = 26 symbol codeword, 
we have a total of 52 non-zero parities that correspond 45 
to correctable error patterns. (As used in this specifica- 
tion, the expression 



00 



is defined as: 



(0- 



50 



55 



a - nr. 



for X>Y.) There are then 81-52 = 29 syndromes that 
correspond to uncorrectable (but detected) error pat- 60 
terns. 

In many cases the SCC used will'be designed to cor- 
rect 3 or fewer single-shift errors and so the size of the 
look-up table used to store the parities will be relatively 
small. This method of determining whether the error 65 
pattern is correctable or not should be used to reduce 
SCC decoding delay. In fact, in such systems it would 
be practical to effect error correction via this look-up 



to determine the coefficients cr\, cr> ov(all compu- 
tation being done in GF(p)). Once the error locations 
l^i^to. are thus determined, the to equations (v is 
the actual number of errors) 



i-i 

are solved (again in GF(p)) to determine the error val- 
ues Y/. The Y/are elements of GF(p). while the £/, Syand 
<r/ are elements of the locator field GF(p'») generated 
by the code's primitive polynomial. 

Note that in the case where a look-up table was not 
used by the syndrome calculator to determine whether 
or not the detected error pattern was correctable, one 
would not know that an uncorrectable pattern occurred 
until the process of determining the roots of the error 
locator polynomial failed. In such a case the processor 
66 would signal the erasure information to the outside 
ECC and instruct a data generator 80 to pass the x-space 
runs obtained from the processor 58 to the channel 
decoder (such operation is illustrated by the dashed 
lines in FIG. 5). 

The processor 68 then uses the s'-space representation 
of the error pattern to correct the received s'-space 
sequence obtained from the processor 60 (via addition 
in GF(p)) and subsequently calculates the corrected 
RLL run sequence (x-space) from the corrected s-space 
sequence by solving the set of equations 



n— 1 



for j=0 to j-(n- 1), where n is the codeword length. 
The corrected x-space runs that correspond to the k 
message runs are next sent to the generator 80, which 
uses them to generate the channel data and clock to be 
sent to the modulation decoder. Circuitry 70 which 
provides enhanced sync error detection can also be 
included as part of the SCC decoder. The sync check 
enhancements that are available are based on the block 
nature of the SCC codewords, i.e., sync errors can 
rapidly be detected if channel ones do not occur at the 
start of the message and parity portions of the block, or 
if an incorrect number of channel bits are found in a 
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block. These sync error checks are independent of, and which has length of 95=(57+3+ 35) bits. (Note that 

in addition to, the automatic phasing properties of the three linking bits have been added to \a, the last run in 

SCC code which were discussed earlier. the message part of the word, as required.) Suppose that 

Working Example of the SCC Encoding/Decoding , *T angle-shift errors occur in the runs x* and x„ so 

System received run sequence 

In the following working example, it is assumed that, {x/(} = {3.3.3.4.6.3.7.7.6.4.3:3.4.4.3.2.2.4.5} 
due to channel noise, two single shift errors are present 

in the SCC codeword received by the SCC decoder 18, shift shift 

and that a (26;19) ternary (GF(3)) BCH code is em- 10 error error 
ployed to effect shift error correction. We will also 

assume that (2,7) RLL modulation code is used. Thus, is out P ut bv the x-space calculator circuit 58 in FIG. 5. 

the SCC code length is n=26-3'"- 1, so that m=3 and The received s-space and s'-space sequences of the mes- 

the locator field is GF(3 3 ) which is generated by sage part ofthe word are determined by processor 60 to 

mi(Z)=Z 3 -Z+l, a primitive polynomial of Z 26 -l. 15 be 

We take the generator polynomial . , r 

g(Z)=m 0 (Z)m I (Z)m 2 (Z)=(Z-l)(Z3-Z+l)(Z3+Z2- W-{wmumuwmua9.I3.i«2J9JM2^ 
+Z-1)=Z 7 -Z5-Z4+Z*-Z2+1. Thus, our code 

corrects up to to=2 errors and g(Z) has consecutive { s - RXt } « {0.0.0.0.0.0.0.0.0.0.0.1.1. 1.- 1. 0.0. 1. 1} 

roots a 0 , a 1 , a 2 , a 3 which are elements of GF(3 3 )(see 20 

FIG - ®- (Note that the three linking bits which were added to 

Suppose the input message (of length 19 symbols =57 the last message run were discarded.) The parity is 

bits) is the channel run sequence given by obtained (via the processor 60) by first subtracting 

<^-m^,»^,m 25 ^ { ™X3lo<Z*r m in the reMived 



30 



{xV = {l.-l.-IM-l} 

and then solving the set of equations 



(m/i) == {0.0.0.0.0.0.0.0.3.6.9. 1 3. 19.22.29.36.43.46.46} 

U.xti) ~ (0.0.0.0.0.0.0.0.0.0.0. 1 .1 . 1. - 1 .0. 1 . 1 . 1 } 
so that the message polynomial is 

CtfZ)= Z ^F^Z-^-Z-^Z- I. V = . i 6 * far j - 6 10 j - 0 

and the shifted message polynomial is to obtain 

Z i --Z u ^Z* + Z*~Z\ Wr p } = {\.0.-\.0,0.0.-\) 

Dividing by g(Z) we find that the parity polynomial is ^tv.^ m j j * . i_ 

™ -i \ . * ■ ' . J r . so that the received codeword output by processor 60 is 

P(Z)=Z b -Z 4 -t- 1, which corresponds to parity sequen- K * v " tCMU1 uu ,a 

ces {s p } = { + 1 ,0, — 1 ,0,0,0, + 1 } and 40 

{x',}={ + 1,-1,-1, + 1,0,0, + ]}. The SCC codeword 

is thus represented by the polynomial c<2> - 2' 4 + z" ■+ z" - z" + z* + z 7 + z ft - z 4 - 1. 



X 2 - 1352 



Z^-rZ'^Z^-Z 4 -]. 

45 The syndrome calculator 64 now finds 

In this example there are seven parity check symbols 
and thus there are 3 7 =2187 unique parity sequences S(Z) o fLm ctZ) = _ z6 + 2 4 + 2 3 _ j 
{Sp}. Each of these sequences could be represented by £ (Z > + 
one of the more than 2800 (2,7) RLL constrained chan- 
nel bit patterns of length 29 bits which contain seven 50 and since s < z > ^ errors ar « present. Now in this case 
runs and begin with a "one'* and end in two or more tnere are 3 =2187 possible non-zero syndromes and 
"zeroes" (cf M Table II). Thus, the parity part of the 

channel bit representation could be a 2,7 RLL sequence . v . . 
of length 29 bits. In this example, however, we shall use f 2 ^ J x 4 + f 2 * J > 
the simple method of mapping parity to its channel run 55 ^ ' >> ' 
representation, i.e., the parity part of the word transmit- 
ted by the SCC encoder is correspond to all possible double or single error pat- 

terns. The remaining 835 would be stored in a ROM 

{x p }= {3.4.4.3.2.2.3,6}. which is interrogated by the syndrome calculator 64 to 

60 determine if the error pattern is correctable. We shall 

Note that an eighth run of length six has been added to assume that the syndrome S(Z) computed above repre- 

bring the sequence {x p } to its required length of 35 sents a correctable error pattern and proceed, 

channel bits. Processor 64 then calculates four partial syndromes 

The entire sequence transmitted by the SCC encoder (using the known values of the locator field GF(3 3 )[cf 

is then « FIG. 6]. 

{x,} = {3J.3.4.6.3.7.7.7,3.3;3.4.4J.2^3.6) So=S(Z)| ZiBa O= -(o 06 +(o°)*+(b 0 ) j - 1 =0 
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Si « StZ) „ I = -a^-r a 4 * " ; - I = a 14 
5: =5(Z> i z^:= -a ,: - a^a^- l=n r 

and passes them on to the processor 66. The processor 
66 solves the two equations 

Si\cr> — S\<r\ -5: = 0 

S] <rz~S2cr\ - Sy = 0 

to obtain 



(s : - - s,s,> „ 15 

o-i = a 

(Sp - S(>S;> 

(S: - Sotr;> 
ffI . _ = o- 

20 

and finds the roots of the error locator polynomial 

X(Z» = Z--n'Z-a°=0 io be Z] = a t, iiiul Z: = n°. 
Finally, the processor 60 uses the equations 25 
io= >i - > ': 
S y = Y i z l -Y : Z : 

s ? =)-iZi ; -)'Z: ; 

to obtain the error values Yj = - 1 and Y: = 1. 
Thus the error pattern is found to be 35 

«Z>=-.v "~l. 

The processor 68 recognizes that only one of the two 
detected errors (i.e., -x q ) resides in the message portion 
of the SCC codeword; it corrects the received s-space 

sequence {s.v/?:s s.v//?24. s.v/«23 s.w??} (obtained via 

the processor 60) by subtracting + 1 from the element 
S.v^q to obtain the corrected message sequence. 



24 



{*.«} = {0.0.0.0.0.0.0.0.3.6.9,13.19.22. 29.36.43.46.46} 

and calculates the corrected channel run sequence 

{x. W } = {3.3.3.4.6.3.7.7.7.3.0}. 

{xm} is subsequently passed to the data generator 80, 
which sends the corrected 57 bit long RLL channel bit 
sequence, together with a phased clock, to the RLL 
modulation decoder. 



45 



50 



55 



Byte Interleaving of the Concatenated Codes 

It is well-known that a typical ECC decoder, such as 
the decoder 26 illustrated in FIG. 2, can correct twice 
as many erased symbols as it can erroneous symbols, 
provided the locations of the erasures are known 60 
before-hand. For example, in a Reed-Solomon code, the 
number of check symbols, R, must be twice the number 
of expected erroneous symbols. In the presence of eras- 
ures, R must be equal to the number of erasured sym- 
bols plus twice the number of erroneous symbols. The 65 
fact that an ECC decoder can handle more erasures 
than errors is exploited in this invention so as to enhance 
the overall ability of the system of FIG. 2 to handle 
noise-induced shift errors and/or "hard" defect related 



errors in the channel encoded data. Specifically, refer- 
ring to FIG. 2 and FIG. 5, whenever the shift correc- 
tion decoder 18 and specifically the error correction 
processor 66 cannot solve the simultaneous equations 
(or in the case in which lookup table decoding is used, 
when syndrome calculator 64 determines that the error 
pattern is uncorrectable), the system knows that the 
number of shift errors in the received SCC codeword 
exceeds its capacity and, in one embodiment of the 
invention, flags this condition to the ECC decoder 26 
via a flag channel 27 illustrated in FIG. 2. The presence 
of a flag on the flag channel 27 causes the ECC decoder 
to treat the concurrent data as an erasure. 

By byte-interleaving a succession of J ECC code- 
words such that each interleave forms an SCC code- 
word, as illustrated in FIG. la, a sustained erasure in the 
channel encoded data (deleting* for example, an entire 
SCC codeword) appears to the ECC decoder 26 as 
merely the erasure of a single byte symbol in each of the 
J ECC codewords, such a single erasure being easily 
corrected by the ECC decoder 26. In FIG. 7a, the first 
byte of user data in each of the J ECC codewords be- 
comes an equivalent number of channel bits in the first 
SCC codeword. Likewise, the second byte in each ECC 
codeword becomes an equivalent number of channel 
bits in the second SCC codeword. Preferably, such 
two-dimensional interleaving is performed by the ECC 
encoder 24 using a memory having an architecture 
corresponding to the arrangement illustrated in FIG. 
la. Likewise, the ECC decoder 26 de-interleaves such 
data using a memory having the same architecture but 
operating in reverse. Thus, each group of J ECC code- 
words would be stored as a block in such a memory, so 
that N SCC codewords could be read out therefrom, as 
illustrated in FIG. la. An alternative architecture 
would have more than one, but an integer number, of 
SCC codewords mapped into a single interleave or a 
multiple number of interleaves of the outside ECC 
codeword. 

For the two-dimensional interleaving configuration 
shown in FIG. la, the data actually stored and retrieved 
from the storage media 10 has the form illustrated in 
FIG. lb. The message portion of each SCC codeword 
encompasses J ECC codeword bytes. The channel bits 
that correspond to the SCC codeword parity portion 
are not two-dimensionally interleaved with the outside 
ECC since that data is never obtained from the outside 
ECC encoder or passed to the outside ECC decoder (it 
is calculated within the SCC encoder and eventually 
discarded after being used by the SCC decoder). The 
overhead of the SCC can be expressed as S equivalent 
user bytes, which is the equivalent user data that could 
have been placed in the parity part of the SCC block. In 
FIG. lb, S=L P R/8, where L p is the number of RLL 
channel bits in the SCC parity part and R is the RLL 
code rate (user bits per channel). The transmitted and 
received data illustrated in FIG. lb therefore amounts 
to a serial succession of SCC codewords. The erasure 
illustrated in crosshatching in FIG. la occurs in the 
sixth SCC codeword. Thus, the flag transmitted by the 
SCC decoder 18 to the ECC decoder 26 on the flag 
channel 27 simply informs the ECC decoder that the 
sixth byte in each ECC codeword it receives comprises 
an erasure. This gives the location of the erasure, which 
is all the ECC decoder needs to take advantage of the 
fact that it can handle twice as many erasures as it can 
errors. 
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It is understood, of course, that the detailed descrip- 
tion given herein uses examples whose main virtue is 
tutorial clarity, it being understood that other forms or 
designs may be used. For example, each of the individ- 
ual processing blocks illustrated in FIGS. 4 and 5 in 5 
connection with the SCC encoder and SCC decoder, 
repectively, may be combined in part or in whole using 
standard digital signal processing integrated circuit 
chips or using a single custom chip to perform the entire 
task (in which case some or all of the blocks illustrated 10 
in FIG. 4 or in FIG. 5 may be combined in a single 
block). Furthermore, the working examples given illus- 
trate single and double single shift error correction 
capability, it being understood that any multiple shift 
error correction capability may be chosen in imple- 15 
menting the invention. A ternary code in Galois field 
GF(3 m ) was used in the working examples (where m= 1 
for the random error correcting BCH code used in the 
example). However, it is known that equivalent multi- 
ple shift error correcting BCH codes can be constructed 20 
over GF(p'") where p is an odd integer ^3 or from 
negacyclic codes, such as those described by Elwyn R. 
Berlekamp in Algebraic Coding Theory. McGraw-Hill 
1968 in Chapter 9. Accordingly, the invention is not 
restricted to a particular code structure, nor is it re- 25 
stricted to a particular format for interleaving ECC and 
SCC codewords, such as that illustrated in FIG. 7. In 
fact, the invention does not always require such inter- 
leaving. 

Accordingly, while the invention has been described 30 
in detail with specific reference to preferred embodi- 
ments thereof, it is understood that other variations and 
modifications may be made without departing from the 
spirit and scope of the invention. 
What is claimed is: 35 
1. A data processing system associated with a chan- 
nel, comprising: 
channel encoder means for transforming a stream of 
digital data to a stream of binary data in accor- 
dance with a run length limited code for transmis- 40 
sion through said channel: 
channel decoder means for receiving from said chan- 
nel a stream of binary data encoded by said channel 
encoder means and transforming it to digital data in 
accordance with said run length limited code; and 45 
a shift correction encoder connected between said 
channel encoder means and said channel and com- 
prising: 

first means for transforming a block of binary sym- 
bols in said binary data stream to a block of sym- 50 
bols of a first field; 

second means for transforming said block of sym- 
bols of said first field to produce a block of k 
elements of a finite field; 

third means for computing r redundant check sym- 55 
bols from said k finite field elements in accor- 
dance with a first code over said finite field, 
wherein said k finite field elements and said r 
redundant check symbols comprise a first code- 
word comprising n=k+r symbols of said finite 60 
field; and 

fourth means for transforming said r redundant 
check symbols to a sequence of binary symbols 
in accordance with constraints of said run length 
limited code and transmitting them to said chan- 65 
nel so that they are appended to said block of 
binary symbols in said stream of binary data, 
wherein said first means comprises means for 



sensing the number of consecutive binary zeroes 
between successive binary ones in said stream of 
channel encoded binary data, whereby said first 
field is a field of natural numbers. 

2. The data processing system of claim! wherein said 
first means further comprise means for transforming 
each of said first field symbols into a transformed first 
field symbol comprising the sum of said first field sym- 
bol with previous first field symbols and sending said 
transformed first field symbol to said second means 
instead of said first field symbol, whereby a single shift 
error in said stream of binary data changes only one of 
said transformed first field symbols. 

3. The data processing system of claim 2 wherein said 
fourth means comprise; 

means for inverse transforming said r redundant 
check symbols to r symbols of said first field, 
wherein each of said r check symbols is the sum of 
the corresponding first field symbol with its prede- 
cessors from the set of r first field symbols; and 

means for channel encoding said r first field symbols 
to binary symbols in accordance with said run 
length limited code, whereby said binary symbols 
encoded from said r first field symbols are ap- 
pended to said block of binary symbols in said 
channel. 

4. The data processing system of claim 1 wherein said 
second means comprises means for reducing said first 
field symbols modulo an odd integer p. wherein said 
finite field is the Galois field GF(p m ), m being an inte- 
ger. 

5. The data processor of claim 4 wherein p corre- 
sponds to the longest bit length of a correctable shift 
error in said stream of binary data and m corresponds to 
the number of contiguous runs in said run length limited 
code corresponding to a single symbol in said first code. 

6. The data processing system of claim 1 further com- 
prising a shift correction decoder connected between 
said channel and said channel decoder means and com- 
prising: 

fifth means for receiving a block of binary symbols 
from said channel and transforming them to n sym- 
bols of said first field. 

sixth means for transforming said n first field symbols 
to n symbols of said finite field, 

seventh means for producing from said n finite field 
symbols a received version of a first codeword in 
accordance with said first code and decoding said 
received version of a first codeword to produce an 
error pattern comprising symbols of said finite 
field, 

eighth means for using said error pattern to correct 
said received version of a first codeword to pro- 
duce a corrected codeword and transforming ap- 
propriate symbols of said corrected codeword into 
binary data in accordance with said run length 
limited code. 

7. The data processing system of claim 6 further com- 
prising means for detecting the locations of successive 
first codewords and deriving therefrom synchroniza- 
tion or resynchronzation signals or both for use by said 
channel decoder. 

8. The data processing system of claim 6 further com- 
prising: 

an error correction encoder adapted to furnish said 
stream of digital data to said channel encoder, 
wherein said steams of digital data comprises a 
succession of error correction codewords, each 
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error correction codeword including N error cor- 
rection codeword symbols in accordance with an 
error correction code: 

an error correction decoder adapted to receive digital 
data from said channel decoder means as succes- 
sive blocks of N symbols per block and to decode 
each said block as an error correction codeword so 
as to remove errors in said block: and 

an interleaver included in said error correction en- 
coder and adapted to cause the channel encoded 
version of k error correction codeword symbols 
from different error correction codewords to be 
treated by said shift correction encoder as the k 
information symbols of a first codeword from 
which it computes a corresponding set of r check 
symbols in accordance with said first code, 
whereby said eighth means produces a succession 
of interleaved error correction codewords; 

a de-interleaver included in said error correction 
decoder and adapted to sort the k information sym- 
bols of each first codeword provided by said eighth 
means into k corresponding error correction code- 
words, whereby a burst of continuous shift errors 
cause no more than a single symbol error in any 
one of the interleaved error correction codewords. 

9. The data processing system of claim 8 further com- 
prising means responsive whenever the error correction 
capacity of said shift error correction decoder is ex- 
ceeded for notifying said error correction decoder of 
the corresponding locations in the interleaved error 
correction codewords, whereby said error correction 
decoder treats said corresponding locations as erasures, 
thereby enhancing its error correction performance in 
the presence of said burst errors. 

10. The data processing system of claim 6 wherein 
said fifth means comprise means for counting the num- 
ber of consecutive zeroes between successive ones in 
said stream of binary data, said number corresponding 
to a given one of said first field symbols. 

11. The data processing system of claim 10 wherein 40 
said sixth means comprise: 

means for computing the sum of each of said first field 
symbols in said block with its predecessors to pro- 
duce a set of n transformed first field symbols, 

means for reducing each of said n transformed first 45 
field symbols modulo p. 

12. The data processing system of claim 11 wherein 
said seventh means comprises means for decoding said n 
finite field symbols in accordance with said first code 
and for treating r of said n finite field symbols as redun- 
dant check symbols. 

13. A method for correcting time shift errors in data 
encoded in accordance with a run length limited (RLL) 
code characterized by run lengths of consecutive binary 
symbols of a first kind separated by binary symbols of a 
second kind, said RLL encoded data being transmitted 
and received on a channel, said method comprising: 

encoding said RLL data prior to its being transmitted 
on said channel in accordance with a first code, 



GF(p'") to form a received version of a codeword 
of said first code and decoding said received code- 
word to recover a corrected codeword, wherein p 
is 1+ twice the distance in bits of the longest cor- 
rectable shift error in said RLL data and m is an 
integer. 

14. The method of claim 13 wherein the transforming 
step in said decoding step and the transforming step in 
said encoding step each comprise: 

computing the sum of each run length in said RLL 

data with previous run lengths therein; and 
reducing said sum modulo p to produce the corre- 
sponding element in Galois field GF(p'")- 

15. The method of claim 13 wherein said first code 
lies in the class of codes including linear codes, cyclic 
codes and negacyclic codes. 

16. The method of claim 13 wherein said shift correc- 
tion code is characterized by a fixed channel data block 
length. 

17. A shift correction system for correcting time shift 
errors in run length limted (RLL) channel encoded data 
received from a channel, said data consisting of runs 
that are characterized by a run bit (such as 0) and a 

, 5 separation bit (such as 1), wherein such time shift errors 
cause as many as t separation bits in a block of said data 
to shift position with respect to the position of other bits 
in said RLL data in as many as p possible states, p being 
at least three (forward shift, backward shift, no shift), 
30 said system comprising: 

first means for receiving a block of digital symbols 
which are to be run length limited channel en- 
coded: 

second means for channel encoding said block of 
symbols in accordance with a run length limited 
code to generate a block of RLL encoded data: 
third means for transforming each run length in said 
block of RLL encoded data to an element of a 
Galois field related to GF(p m ) so as to generate a 
corresponding block of GF(p'») related symbols: 
fourth means for encoding said block of GF(p m ) re- 
lated symbols in accordance with a first code re- 
lated to GF(p'") so as to generate a set of redundant 
check elements from GF(p'"); 
fifth means for channel encoding said redundant 
check elements into a check block of RLL encoded 
data, and appending said check block to said block 
of RLL data to from a shift correction RLL data 
block and transmitting said RLL data block to said 
channel; 

sixth means for receiving run length limited encoded 
data from said channel as a received encoded RLL 
data block; 

seventh means for transforming each run length in 
said received data block into an element of said 
Galois field to form a received codeword; and 
eighth means for decoding said received codeword in 
accordance with said first code. 

18. The shift correction system of claim 17 wherein 
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wherein successive run lengths in said RLL data 60 said eighth means comprises means for generating a 

~" f J J: 1 e ^ corrected codeword in accordance with said first code, 

said corrected codeword comprising elements of said 
Galois field, said system further comprising: 
ninth means for inverse transforming said corrected 
65 codeword from said Galois field elements to a 
corrected block of RLL encoded data; and. 
means for channel decoding at least a portion of said 
corrected block of RLL encoded data to generate 



are transformed to corresponding elements of GF 
(p m ) so that redundant check symbols are com- 
puted and appended to said corresponding ele- 
ments of GF(p'") to form a codeword of said first 
code: and 

decoding RLL data received from said channel by 
transforming successive run lengths in said RLL 
data to corresponding elements of Galois field 
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a corrected block of digital symbols that is free of 
the effects of time shift errors. 

19. The shift correction system of claim 17 wherein 
said eighth means comprises means for detecting a num- 
ber of shift errors in said received codeword exceeding 5 
a certain threshold related to the error correction ca- 
pacity of said first code and for generating an erasure 
flag indicative thereof. 

20. The shift correction system of claim 17 wherein 

p = 1 + twice the distance of the longest correctable shift 10 
error. 

21. The shift correction system of claim 17 wherein 
each shift error in a given separation bit causes two 
adjacent run lengths of consecutive run bits separated 
by a separation bit in the received shift correction RLL 15 
data block to be in error, and wherein said third and 
seventh means each further comprise means for initially 
transforming each said run length so that a shift error 
causes only a corresponding single Galois field symbol 

to be in error. 20 

22. The shift correction system of claim 21 wherein 
said means for initially transforming comprises means 
for computing the sum of each run length in said RLL 
encoded data block with previous run lengths therein. 

23. The shift correction system of claim 22 wherein 25 
said third and seventh means each further comprise 
means for reducing modulo p the sum computed by said 
means for initially transforming, so as to generate an 
element of GF(p m ). 

24. The shift correction system of claim 17 further 30 
comprising an error correction code (ECC) encoder 
having an output connected to said first means, wherein 
said block of received data comprises an ECC code- 
word having N symbols; and 

an error correction code (ECC) decoder having an 35 
input connected to receive said corrected digital 
symbols, wherein said corrected block of digital 
symbols comprise ECC encoded data decodable by 
said ECC decoder. 

25. The shift correction system of claim 24 further 40 
comprising means for facilitating notification from said 
shift correction decoding means to said ECC decoder 
whenever said shift correction decoding means fails, so 
that said ECC decoder treats data concurrent with each 
such notification of failure as an erasure location. 45 

26. The shift correction system of claim 25 further 
comprising means for interleaving each of N symbols of 
said ECC codeword into J shift correction codewords, 
whereby J ECC codewords are interleaved symbol by 
symbol into N shift correction codewords, so that said 50 
notification of failure causes said ECC decoder to treat 

as an erasure location the same symbol location in each 
of said J ECC codewords. 

27. A process for correcting shift errors in a block of 
run length limited (RLL) channel encoded data in a 55 
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channel, wherein shift errors cause as many as t separa- 
tion bits in said block of channel encoded data each to 
be shifted by as many as (p- l)/2 bit positions, wherein 
p is at least 3 (one bit forward, one bit back, no shift), 
said process comprising: 
run length limited encoding a set of digital symbols to 
generate a block of RLL data, converting each run 
length in said RLL data block to an element of a 
Galois field related to GF(p m ) so as to form a block 
of Galois field symbols; 
encoding said Galois field symbol block in accor- 
dance with a first code related to GF(p m ) so as to 
compute a set of check symbols from said Galois 
field; and 

RLL encoding said set of check symbols from said 
Galois field to produce a check block of RLL data 
and appending said check block to said RLL data 
block to form a shift correction RLL data block, 
and transmitting said shift correction RLL data 
block to said channel. 

28. The process of claim 27 wherein said shift correc- 
tion code is characterized by a fixed channel data block 
length. 

29. The method of claim 27 further comprising: 
receiving a received version of said shift correction 

RLL data block and transforming each run length 
therein into an element of said Galois field to form 
a received codeword; 
decoding said received codeword in accordance with 
said first code so as to generate a corrected code- 
word; and 

generating a shift corrected RLL data block from 
said corrected codeword and channel decoding 
said shift corrected RLL data block to form a shift 
corrected set of digital symbols. 

30. The shift correction process of claim 29 wherein 
said set of digital symbols comprises an error correction 
codeword (ECC) comprising N ECC symbols and 
wherein said shift correction codeword comprises J 
Galois field symbols and P redundant Galois field check 
symbols, and wherein said encoding step comprises 
interleaving symbol by symbol J error correction code- 
words into N shift correction codewords, said process 
further comprising; 

during said decoding step, de-interleaving N shift 
corrected sets of digital symbols into J error cor- 
rection codewords for transmittal to an error cor- 
rection decoder and notifying said error correction 
decoder whenever said decoding step fails to de- 
code a given shift correction codeword, whereby 
said error correction decoder may treat the corre- 
sponding failure as the erasure of single corre- 
sponding bytes in said J error correction code- 
words. 

***** 
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